Improvement in the water stability and other related functional properties of thin (<50 µm) kafirin protein films was investigated. Thin conventional kafirin films and kafirinmicroparticle films were prepared by casting in acetic acid solution. Thin kafirin films cast from microparticles were more stable in water than conventional cast kafirin films.
INTRODUCTION
Films and other biomaterials made from proteins draw much interest as a consumer-and environment-friendly option to synthetic polymer products (1). Applications or potential uses of protein biomaterials include packaging materials and food coatings (2), carriers of antimicrobial agents (3) and drug-eluting coating film for cardiovascular devices (4).
However, with respect to films made from cereal proteins, their poor mechanical properties and water stability compared to similar materials made from synthetic polymers are major limitations (5).
Protein film functional properties, including water stability, can be modified by physical treatments such as heat (6), γ-irradiation (7), chemicals such as aldehydes (8) Chambi and Grosso (9) worked on 750 µm thick gelatin and casein films, while Hernández-Muñoz et al. study (10) was on 55 µm thick gliadin films.
Kafirin, the sorghum prolamin protein, is relatively hydrophobic compared to other cereal proteins such as zein (11) . Thus, kafirin has potential for use in biomaterials that require stability in water. Our research has shown that thin cast films (<50 µm) produced from kafirinmicroparticles have some superior functional properties such as smoother film surface and lower water vapor permeability, than the conventional cast films from kafirin (12) . With regard to protein microparticles, studies have focused on treatments to improve their heat stability, microencapsulation efficiency and release profiles (13) (14) (15) but not to enhance functional properties of films prepared from them. This study investigated various treatments to improve the water stability and other related functional properties of thin kafirin films.
MATERIALS AND METHODS

Materials
Kafirin was extracted from mixture of two very similarwhite, tan-plant non-tannin sorghum cultivars PANNAR PEX 202/606, as described (16) .Briefly, whole milled sorghum was mixed with 70% (w/w) aqueous ethanol containing 3.5% (w/w) sodium metabisulfiteand 5% (w/w) sodium hydroxide and then heated at 70  C for 1 h with vigorous stirring. The clear supernatant was recovered by centrifugation and the ethanol evaporated. Kafirin was precipitated by adjusting the pH of the protein suspension to 5.0. The precipitated kafirin was recovered by vacuum filtration, freeze-drying, defatting with hexane at ambient temperature and air-drying. All the chemicals were obtained from Merck, Darmstadt, Germany or Sigma, St. Louis, MO, unless otherwise stated.
Preparation of Conventional Cast Kafirin Films
Conventional kafirin films were prepared as by the casting method described (17) from a 2%
(w/wprotein basis) kafirin solution in glacial acetic acid, containing 40% (w/w with respect to protein) plasticizer (a 1:1:1 w/w mixture of glycerol: polyethylene glycol 400: lactic acid).We have previously shown this plasticizer combination to be effective in kafirin films. (12)Films were dried overnight at 50C in an oven (not forced draft) on a level surface.
Preparation of KafirinMicroparticle Films
To prepare kafirinmicroparticle films, firstly, kafirinmicroparticles were prepared using acetic acid solvent according to Taylor et al. (12) with some modification.Plasticizer (0.66 g) was mixed with glacial acetic acid (4.34 g) and added to kafirin (1.9 g, 84% protein) with gentle stirring until fully dissolved. The kafirin solution held at ambient temperature (22°C) for 16 h to equilibrate. Then,kafirinmicroparticles were prepared by adding 73.1 g distilled water to 6.9 g kafirin solution at a rate of 1.4 mL/min using a Watson-Marlow Bredel peristaltic pump (Falmouth, U.K.), while mixing using a magnetic stirrer at 600 rpm at ambient temperature. This suspension contained 2% (w/w) kafirin protein and 5.4% (w/w) (0.9 M) acetic acid.
To cast the films, 4 g suspensions of kafirinmicroparticleswere centrifuged at 3150 g for 10 min. The clear supernatants were carefully removed and replaced by 25% (w/w) (4.2 M) acetic acid and then left to equilibrate at ambient temperature for 12 h. Then, 32 mg plasticizer (40% w/w on kafirin protein basis) was added and films cast in the bottom dishes (90 mm diameter) of 100 mm × 15 mm borosilicate glass Petri dishes (Schott Glas, Mainz, Germany) by drying overnight at 50C in an oven (not forced draught). All the films were assessed visually and photographed using a flatbed scanner.
Preparation of Films from Heat-treated KafirinMicroparticles
Kafirinmicroparticle film preparation suspension (4 g), described above, was washed with distilled water three times to remove the acetic acid. Treatment of kafirinmicroparticles with heat was done by heating the microparticles suspended in water, at 50C, 75C and 100C for 1 h. A control film preparation mixture was maintained at ambient temperature for the same period. Then, supernatants were replaced with 25% acetic acid, plasticizer added and films cast as described.
Preparation of Films from Transgutaminase-treated KafirinMicroparticles
The supernatants in the 4 gkafirinmicroparticle suspensions were removed by centrifugation and washed with distilled water as described above. The supernatants were replaced with 0.1%, 0.3% and 0.6% (w/w) microbial transglutaminase (ActivaWM), activity 100 U/g (Ajinomoto Foods Europe, S.A.S., France) (on protein basis) in 0.02 MTris-HCl buffer (pH 7.0). The buffer had been pre-heated to 50C prior to dissolving the enzyme. For control films, 25% pure maltodextrin in 0.02 MTris-HCl buffer, pH 7.0 was used as the transglutaminase enzyme is supplied in a 99% maltodextrin carrier base. Transglutaminase reaction was carried out at 30Cfor 12 h. Optimal transglutaminase reaction temperature is 50C (18)but complete films could not be formed if this temperature was used, probably because of heat induced cross-linking of the kafirin proteins. The films were cast as described.
Preparation of Films from Glutaraldehyde-treated KafirinMicroparticles
These were prepared by adding 10%, 20% and 30% (w/w) glutaraldehyde (Saarchem, Krugersdorp, South Africa) (as a proportion of protein) to 4 g film preparation mixtures in 25% acetic acid (pH 2.0). Reaction with glutaraldehyde was carried out at ambient temperature for 12 h and the films cast as described.
Analyses
Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)
Films were characterized by SDS-PAGE under reducing and non-reducing conditions. An 
Scanning Electron Microscopy
The film surfaces were examined using Scanning Electron Microscopy (SEM) as described (12) with a Jeol JSM-840 Scanning Electron Microscope (Tokyo, Japan).
Fourier Transform Infrared (FTIR) Spectroscopy
FTIR spectroscopy was performed as described (12) . Samples were scanned in a Vertex 70v
FT-IR spectrophotometer (BrukerOptik, Ettlingen, Germany), using 64 scans, 8 cm -1 band and an interval of 1 cm in the Attenuated Total Reflectance (ATR) mode. The FTIR spectra
were Fourier-deconvoluted with a resolution enhancement factor of 2 and a bandwidth of 12 cm -1 .
Tensile Properties
The films were conditioned at 50% relative humidity and 25C for 72 h in a desiccator maintained using 4.99 M calcium chloride (19) . Tensile properties of the films were studied as described (17) , based on ASTM D882-97 method (20) , using a TA-XT2 Texture Analyser (Stable Micro Systems, Goldalming, U.K.). For soaked films, the films were air-dried at ambient temperature for 30 min before measuring tensile properties.
In vitro Protein Digestibility
This was performed based on the pepsin digestion procedure of Hamaker et al. (21) . Prior to in vitro protein digestibility (IVPD) assay, the films were freeze-fractured in liquid nitrogen and ground into powder using a mortar and pestle. P7000-100G pepsin, activity 863 units/mg protein, was used.
Surface Density
Film surface density was measured based on the procedure of Soliman et al. containing sodium azide at 22C, and then mounted on an orbital shaker set at speed of 300 rpm for 72 h. At the end of the shaking period, the films were visually assessed and photographed using a flatbed scanner in the plastic containers.
Water Uptake and Weight Loss of Films in Water
These were measured according to Soliman et al. 
2A-c, d).
These films had a rough surface and the microparticles were poorly fused (arrows, Figure 2A -g, h), which was similar to the appearance of biomaterials made from zein microparticles such as films (22) (23) and sponges (24) . Previous work has shown that films prepared from microwave-heated kafirin had a rough surface, which was attributed to Taylor (34) reported a reduction in α-helical conformation when they studied the protein secondary structure in cooked kafirin. It has been suggested that during thermal treatment the hydrogen bonds stabilizing protein structure are disrupted, causing loss of the α-helical and β-sheet conformation and creating new β-sheet arrangements (35) .Loss of α-helical conformation can be indicative of protein aggregation (36) . In the present study, the relative proportion of α-helical conformation in the amide I band for control films was 53.9%, slightly higher than 50.5% found by Taylor et al. (12) for similar kafirinmicroparticle films.
Such differences have been attributed to the kafirin batch variations (12) .
Transglutaminase treatment of kafirinmicroparticles caused up to 5% reduction in the relative proportion of α-helical conformation with respect to control films with maltodextrin treatment. As with increasing level of heat treatment, there was a progressive decrease in the relative proportion of α-helical conformation with increase in concentration of transglutaminase. This was probably due to transglutaminase-induced deamidation of kafirin proteins causing increased electrostatic repulsion and the decreased hydrogen bonding (37).
These findings are similar to those from soymilk protein residue (38) and gluten (39) .
In contrast to the trend with heat and transglutaminase treatments, there was a progressive protein hydrogels cross-linked using glutaraldehyde, which showed changes in gel physical appearance and functional properties that were not reflected to the same extent by alterations in the protein secondary structure.
Film Functional Properties
Film Water Stability, Water Uptake and Weight Loss in Water
Transglutaminase treatment resulted in poor water stability of the kafirinmicroparticle films As shown (Figure2A), treating kafirin microparticles with heat resulted in formation of incomplete films, especially when subjected to higher temperature treatments. Therefore, no data were obtained forwater stability, water uptake and weight loss in water for heat crosslinked films. Also, as transglutaminase treatment resulted in poor water stability of the films (Figure 4A) , the determination of water uptake and weight loss in water was not feasible for these films.
Film Tensile Properties Before and After Soaking
The control kafirin microparticle films were approx. 16 µm thick (Table 3) , similar to the 14 µm reported previously (12) . Heat treatment of kafirinmicroparticles resulted in filmsthat were 20-29% thicker. With regard to film tensile properties before soaking, there was a progressive reduction in maximum stress with increase in treatment temperature. The increase in film thickness and the reduction in film maximum stress was probably because, as noted by SEM (Figure 2A) , these films had poorly fused microparticles, indicating poor structural cohesion of film matrix. As discussed, treating kafirinmicroparticles with heat resulted in formation of incomplete films, especially the higher temperature treatments.
Therefore, no tensile data were obtained forthe soaked heat-treated films.
Transglutaminase treatment resulted in thicker films and a 24-53% reduction in film maximum stress, with respect to control films with maltodextrin treatment. As with heat treatment, the poor fusion of the microparticles due to treatment with transglutaminase ( Figure 2B ) could probably be a reason for the increase in thickness and weakness of these films. In addition, transglutaminase-induced deamidation may have been a contributing factor. As discussed, the transglutaminase-treated films disintegrated during water stability test rendering it impractical to obtain data for tensile properties after soaking the films.
Surface density was determined for glutaraldehyde-treated kafirinmicroparticle films as SDS-PAGE showed evidence of cross-linking ( Figure 3C ). Glutaraldehyde treatment slightly increased the film surface density, while it resulted in varied effects on film tensile strength, depending on concentration of glutaraldehyde (Table 3) . With 10% glutaraldehyde treatment, there was a 43% increase in film maximum tensile stress, and 58% increase in maximum strain. However, at higher glutaraldehyde concentration (20% and 30%), there was a 42-43% reduction in film breaking stress accompanied by about four-fold increase in maximum strain. Increase in the film maximum stress as a result of glutaraldehyde treatment is presumably due to formation of additional cross-links, as discussed. Similar increase in protein film tensile strength has been reported when glutaraldehyde is used to cross-link many proteins such as gliadin (10), zein (8, 43) and sunflower protein isolate (42) . On the other hand, the fact that there was a reduction in maximum stress accompanied by increase in maximum strain at higher glutaraldehyde concentration was probably due to plasticizer effect of excess glutaraldehyde molecules in the protein network. Similar results were reported by Concerning tensile properties of films that had been soaked for 24 h in water, glutaraldehyde treatment resulted in retention of far higher tensile strength and strain than the control (Table   3) . These results agree with the data on film water stability ( Figures 4B and 5) , water uptake and weight loss in water (Table 2) , which showed that glutaraldehyde treatment resulted in kafirinmicroparticle films with better integrity even after soaking in water. Soaked film tensile strength retention seems to be similar to published glutaraldehyde treatment data, despite the thinness of the films. For example, tensile strength of soaked zein films was 31% of the pre-soaked film tensile strength with 8% glutaraldehyde treatment for films of 700 to 900 µmthickness (8), similar to the 34% obtained with 10% glutaraldehyde treatment in the present study. The reduction in the tensile strain of the kafirinmicroparticle films after soaking in water was probably due to the washing out of the plasticizer.
Filmin Vitro Protein Digestibility
Heat treatment of kafirinmicroparticles slightly reduced the in vitro protein digestibility (IVPD) of the films made from them ( Table 2) In contrast, microparticle treatment with glutaraldehyde increased the kafirinmicroparticle films IVPD by up to some 12%. The increase in protein digestibility as a result of glutaraldehyde treatment may probably be due to an increase in free volume. Migneault et al. (32) suggested that it is polymeric forms of glutaraldehyde (polyglutaraldehydes) that are involved in the cross-linking of proteins. These glutaraldehyde polymers may form long distance methylene bridges between protein chains, probably creating easier access of the pepsin enzymeto the peptide bonds in the kafirin.
Overall, the changes in IVPD of the kafirinmicroparticle films as a result of all the three treatments were not large (maximum of 20% change) probably due to the exposure to relatively high temperature during solvent evaporation.
In conclusion, thin kafirin films cast from microparticles are more stable in water than conventional cast kafirin films. Glutaraldehyde treatment of the kafirinmicroparticles renders the films quite stable in ambient temperature water, despite the loss of plasticizer. Thus, such thin (<50 µm) glutaraldehyde-treated kafirinmicroparticle films appear to have good potential for use as biomaterials in aqueous applications.
ABBREVIATIONS USED
FTIR, Fourier transform infrared spectroscopy; IVPD, in vitro protein digestibility; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; SEM, scanning electron microscopy. 
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